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Abstract 
Energy conversion efficiency of a thermo photo voltaic (TPV) system strongly depends on the wall temperature and its uniformity. 
Therefore, improving heat transfer characteristics of these systems is a focus of many recent studies. Significant efforts have been 
devoted to investigate flame stabilization and heat transfer enhancement for straight channels; planar and circular. However, the 
investigation of the impact of curvature on heat transfer and flow characteristics of a reacting flow is limited, implying that more 
studies are required. This study explores the effect of curvature on heat transfer, pressure drop and emission levels for a circular 
micro-combustor with sudden expansion (backward facing step). The study uses steady state Reynolds Average Numerical Simulation 
(RANS) turbulence model along with a finite rate chemistry model to numerically investigate the flame structure inside a micro- 
combustor. The investigation observes significant enhancement in outer wall temperature and heat flux for curved ducts as compared 
to those for straight channels. 
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1. Introduction 
Thermo photovoltaic (TPV) is an energy conversion device which transforms thermal energy directly to electrical 
power. Due to their compactness and portability, such systems are commonly used in MEMS devices such as actuators, 
sensors, small scale CHP systems and other small scale devices. A general schematic of TPV is shown in figure 1. 
Higher energy densities, easy accessibility and abundant availability of hydrocarbon or hydrogen as compared other 
radiation energy sources has resulted in an increased use of these fuels to operate TPV systems. 
Flame stabilization is a parameter of immense practical importance for combustion inside micro-channels. Different 
mechanisms have been successfully employed to anchor the flame inside a combustor such as bluff body flame holders, 
swirl induced recirculating flows, and other mechanisms. However for micro scale combustion, one of the most effective 
methods employed is by inducing recirculation through sudden expansion of the geometry. Yang et al. [1] was one of 
the pioneers who studied the impact of geometrical parameters on the flame structure and wall temperature of such 
systems both experimentally and numerically. This study uses the same concept for flame stabilization.  
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In addition to flame stabilization, wall temperature enhancement is another key area of interest for micro-combustor. 
It has been reported in the literature that curved ducts show improved thermal performance as compared with the straight 
ones. The literature is rife with experimental and numerical studies on plain flow and heat transfer characteristics, both 
laminar and turbulent, inside curved ducts. The first of such attempts was made by Dean [2], in which he solved the 
steady state incompressible fluid flow equations inside a ‘coiled’ circular pipe. Mori et al. [3] studied forced convection 
for a curved square cross-section duct experimentally and analytically. The study showed that the curvature of the pipe 
results in secondary flow development inside the duct which results in increased heat transfer rate. A computational 
study carried out by Facao et al. [4] demonstrated the impact of curvature on laminar heat transfer inside rectangular 
channels. Kurnia et al. conducted a series of numerical investigation to evaluate heat transfer performance of coiled 
tubes as compared to those of straight tubes [5]. All of the aforementioned studies reveal increased heat transfer induced 
by secondary flow in curved ducts. 
This study investigates the effect of curvature on heat transfer in reacting flows. Although there are plenty of 
numerical and experimental studies focused on determining different flame characteristics and combustion dynamics 
inside a circular tube, limited studies are dedicated towards curved ducts in general. Richecoeur et al. [6] studied the 
flame stabilization and combustion characteristics in curved ducts experimentally. He et al. [7] explored the unsteady 
flame propagation in curved ducts through an industrial safety perspective. There are very few numerical studies in the 
literature which compute flame structure inside a curved duct. The current study aims at developing an understanding 
of the effect of curvature on the heat transfer and pressure drop characteristics for a reacting flow inside a micro-
combustor. The results will contribute to the development of efficient TPVs.    
2. Mathematical Model 
2.1 Governing equations 
This section outlines the governing equations consisting of conservation equation of mass, momentum, energy and 
species. The 3-D computational domain analysed in this study is shown in figure 2. In developing the model, several 
assumptions are made: (i) the effect of radiation on the outer wall prediction is negligible, as reported by Li et al. [8]; 
(ii) buoyancy effect is neglected due to the high inlet velocities which implies that convection is the primary mode of 
heat transport; (iii) Viscous heating is neglected due to the dominant conduction heat transport.  
The conservation of mass, momentum, species and energy in the fluid zone are given by: 
.( ) 0U   u , (1) 
( ) pU     WXX , (2) 
where 
2
3
jk i
ij ij
k j i
uu u
x x x
W PG P ww w   w w w
§ ·¨ ¸© ¹
 , (3) 
.( ) .( ) ThU  q u Z , (4) 
Where ,
1
N
i k k k i
ki
T
q h Y V
x
O U
 
w  w ¦   (5) 
,
( ) Y
Di k k
k m k
i i i
u Y
x x x
U U Zw w w 
w w w
§ ·¨ ¸© ¹ . (6) 
For the solid zone, the energy conservation equation is expressed as: 
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The nomenclature for variables used above is outlined elsewhere [8].   
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2.2 Turbulence and chemistry model  
Kuo et al. [9] suggested in their study that even with low Reynolds number flow inside the micro channel, turbulence 
model plays a key role in good estimation of the outer wall temperature. Akhtar et al. [10] conducted a thorough RANS 
turbulence and chemistry model assessment for outer wall temperature prediction of a micro-combustor. The results 
indicated higher predictive capability in the near flame region for Reynolds Stress Model (RSM) in combination with 
Eddy Dissipation concept (EDC) chemistry model. The good predictive capability of RSM turbulence model is attributed 
to the incorporation of non-isotropic turbulence through exact representation of production term in its formulation. 
     
 
 
Figure 1: General Schematic TPV Figure 2: Computational Domain of the curved combustor 
The current study uses a 9 species 19 reaction mechanism for H2-air combustion. To incorporate turbulence chemistry 
interaction, EDC model, which is an extension of eddy dissipation model to incorporate finite chemistry, is used. 
To computes NOx (primarily NO) emissions, thermal and prompt NO pathways are used.  The effect of temperature 
and composition fluctuations on NO production is taken into account by utilizing the Probability Density Function (PDF) 
approach. The NO concentration is calculated through time-averaged NO formation rate at each point in the 
computational domain by utilizing the time-averaged flow field results.  
2.3 Boundary Conditions 
x Inlet: The operating mass flow rate, species mole fraction (H2 and O2), temperature, turbulence intensity and hydraulic 
mass flow rate are specified at the inlet. The numerical values for these parameters can be found in the study of 
Akhtar et al. [10]. 
x Outlet: Gage pressure of 0 is taken at outlet of the combustor. 
x Walls: The walls at inlet and outlet of the combustor are insulated. Hence, zero heat flux is imposed on these 
boundaries. However on the solid-gas interface, robin (mixed type) boundary condition is applied since heat which 
is transferred from the combustion gases, is being conducted through the walls to the outer surface. Surface to surface 
radiation is neglected since it does not affect the outer wall temperature as reported by Li et al. [8].  
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Here, fT  is the temperature of the hot gaseous fluid. 
At the outer wall, both radiation and convection are taking place. Ideally there should be no heat loss through 
convection since our main output for TPV systems is radiative heat transfer, however for practical systems this must be 
taken into account. 
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The value of 5 W/m.K is used for thermal conductivity of stainless steel. A lower value of thermal conductivity is 
used, catering for the oxidation of inner surface of steel. Furthermore, the emissivity of 0.5 is used for the outer surface 
to give a close agreement with the exit temperature. 
2.4 Numerics 
The computational domain of the micro-combustor is shown in Figure 1. Gambit 2.3.6 was used for meshing the 3-
D geometries. The governing equations outlined in the previous section along with the relevant boundary conditions are 
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discretized and solved using a finite volume solver FLUENT 15 code. The elliptic 3-D governing equations of fluid 
flow and heat transfer are solved using a segregated 3-D double precision parallel computing solver. Steady state 
continuity, momentum, species and energy equations are discretized using second order upwind scheme. Since the flow 
is modelled to be incompressible, Semi-Implicit-Method-for-Pressure-Linked-Equations (SIMPLE) algorithm is used 
for pressure-velocity coupling. The convergence criteria for all governing equations except energy are kept to be 10-3. 
For energy equation the criterion is 10-6. 
In this study, circular channels with four different curvatures are evaluated and their outer wall temperature and 
pressure drop results are compared with the straight circular duct. The geometry of the curved ducts was created by 
keeping the arc length, passing through centre of the combustor, equal to the straight duct’s length. Four different 
curvatures were obtained by varying angles of the arc from 30 degrees to 75 degrees with an increment of 15 degrees. 
The geometrical details for different curvature levels can be viewed in Table 1. Mesh sensitivity analysis was performed 
for the straight duct. The mesh size of around 470,000 cells provides a reasonable balance between computational time 
and accuracy. Hence, for all the curvatures, a mesh size of 470,000 cells was used. 
3. Results and Discussion 
The mathematical 3-D model as outlined in the previous section, is validated for the circular duct against the 
experimental data of Li et al.[8]. The details on the experimental setup and geometrical parameters can be found in Li 
et al. [8]. Comparison for experimental and numerical results for the circular duct is performed in the study by Akhtar 
et al.[10], which depicts an excellent agreement (difference is less than 0.5%). Akhtar et al. [10] also provides a detailed 
turbulence model assessment for the straight duct.  
After validation, the mathematical model was employed to evaluate combustor ducts with different curvatures. In 
order to capture the effect of curvature on wall temperature effectively, all the parameters which affect the wall 
temperature were kept constant. These important parameters, as identified and explored by the previous studies [11, 12], 
are step size of the combustor, expansion ratio and inlet mass flow rate. The current section outlines key findings with 
regards to thermal and hydraulic performance of curved ducts as compared with a straight duct. Furthermore, NOx 
concentration levels for different curvature levels in comparison with a straight duct are presented and discussed. 
Figures 3 and 4 demonstrate the outer wall temperature profiles on the outer and inner curve for different curvature 
levels, respectively, whereas Figure 6 shows the temperature contours on a plane bisecting the 3-D micro-channel. The 
temperature of outer and inner curves differ with each other albeit slightly. Outer curve for all curvature levels has a 
higher temperature as compared with the inner curve as demonstrated in table 1. This can be attributed to the increased 
level of turbulence kinetic energy near the inner curve leading to increased heat transport. This trend is shown in Figure 
5 where a clear increase and spread in turbulent kinetic energy can be viewed for curved ducts. Furthermore, a clear 
elevation of wall temperature, at both peak and downstream position of the combustor, is observed for the curved duct 
as compared to the straighter one.  
  
Figure 3: Temperature Profile for outer curve at 0.8 equivalence 
ratio and inlet mass flow rate of 68.64 10u kg/s 
Figure 4: Temperature Profile for inner Curve at 0.8 equivalence 
ratio and inlet mass flow rate of 68.64 10u kg/s 
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Figure 5: Turbulence kinetic energy contours for a) Straight, 
b) Curvature 1, c) Curvature 2, d) Curvature 3 and e) 
Curvature 4 at 0.8 equivalence ratio and inlet mass flow rate 
of 68.64 10u kg/s 
Figure 6: Temperature contours for a) Straight, b) Curvature 
1, c) Curvature 2, d) Curvature 3 and e) Curvature 4 at 0.8 
equivalence ratio and inlet mass flow rate of 68.64 10u kg/s 
The maximum difference between the peak temperature of curved and straight duct is around 50 K on average. 
However, as we move further downstream of the combustor, the temperature difference increases appreciably with an 
increase in curvature as mirrored by Figures 3 and 4. Table 1 provides a better quantitative picture by tabulating 
maximum temperature differences for all curvature levels with the straight duct.  The maximum difference as shown in 
Table 1 goes up to 110 K for curvature 4, which translates to considerable improvement in heat transfer characteristics 
of the micro combustor.  
Table 2 demonstrates the heat transfer flux from the outer wall, pressure drop and NOx emission levels for curved 
and straight ducts. A clear trend can be observed for heat transfer flux and pressure drop. The heat flux for all the 
curvature levels of curved duct is greater than that of the straight duct. However, the pressure drop in the curved duct is 
also large in comparison with straight duct. Furthermore, it is also to be noted that as the angle of curvature is increased, 
the heat transfer flux, with the exception of curve 3 (60 degree), increases in general. This trend can be explained by 
observing the shear layer in curved ducts for the geometry of suddenly expanding combustor. Figure 5 shows that due 
Table 1: Geometrical description and temperature levels for different curvature types 
Parameters Units Curvature 1 Curvature 2 Curvature 3 Curvature 4 
Angle of the arc  Degrees 30 45 60 75 
Radius of curvature mm 28.65 19.10 14.32 11.46 
Peak temperature on outer side  K 1108 1115 1103 1113 
Peak temperature on inner side  K 1102 1108 1089 1095 
Maximum temperature difference with  
circular duct for outer wall K 82 82 94 110 
Maximum temperature difference with 
circular duct for inner wall K 70 70 82 93 
Table 2: NOx emissions, heat transfer flux and pressure drop for different duct types. 
Duct type Volume based and Dry NOx concentration 
Maximum Flame 
Temperature 
Temperature 
at the Outlet Heat Flux Pressure drop 
 (ppm) (K)  (K) (W/m2) Pa 
Straight duct 6.24E-05 1521 999 -27131 361.07 
Curvature 1 6.37E-04 1542 1041 -31863 398.43 
Curvature 2 5.91E-03 1540 1045 -32139 398 
Curvature 3 5.64E-03 1540 1041 -31676 390.48 
Curvature 4 6.33E-03 1547 1063 -33023 407 
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to the curvature, the shear layer is spread to further downstream of the combustor. Moreover, the magnitude of maximum 
turbulence kinetic energy in curved geometries is greater than that of straight circular channel. This signifies enhanced 
turbulence intensity in curved geometry which results in an improved heat and mass transport in such ducts. 
NOx emissions for the micro-combustor along with the maximum flame temperature are also shown in Table 2. 
Although, the absolute value of these emission levels are really low as compared to industrial burners, it is worthwhile 
to consider the impact of a micro combustor geometry on NOx emissions. The trend shown by NOx concentration at 
the outlet is similar to the trend of heat flux; lowest for the straight duct and maximum for the duct with highest curvature 
angle. Table 2 shows an increase of almost 100 folds in NOx levels while switching from straight channel to duct with 
highest curvature. This indicates that although introduction of curvature is beneficial for heat transfer purposes but it 
also results in an increased NOx concentration at the outlet. However, the level of NOx emissions is still very low and 
may not be of concern for many applications. 
4. Conclusion 
A numerical study is conducted to explore the effect of curvature on flame structure, thermal, hydraulic and emissions 
characteristics of circular duct. The outer wall temperature for outer and inner sides of the curved micro-combustor is 
observed to have increased considerably in comparison with straight duct. This resulted in an increased heat flux for 
curved combustors, however, the penalty has to be paid in the form of high pressure drop and increased pollutant NO 
emissions. Most of the heat transfer and flow field studies for curved ducts report dean vortices to be the main reason 
for the enhancement of thermal and mass transport. However, in this study the increase in outer wall temperature is due 
to the increased turbulence intensity inside the shear layer resulting in a higher overall energy conversion efficiency. 
Our future work will investigate the impact of dean vortices on heat transfer and pressure drop for curved micro-
channels.    
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